Abstract-The potential structures of platinum nitride with a chemical composition of PtN 2 have been examined by utilizing a widely adopted evolutionary methodology for crystal structure prediction. Except reproducing the previously proposed phases, a Pmmm symmetric novel layer structure with a low forma tion enthalpy that is slightly lower than those of marcasite and CoSb 2 structures but slightly higher than that of pyrite structure has also been identified. The elastic constants and the lattice dynamical calcula tions show that this layer structured PtN 2 is mechanically and dynamically stable. The calculated band structures suggest this new phase together with the simple tetragonal phase are metallic, while other phases are insulators. In addition, it has been found by the phonon spectrum calculations that the fluorite struc ture is dynamically unstable, although it is mechanically stable as suggested by calculated elastic constants.
INTRODUCTION
The first successful synthesis of platinum nitride under high pressure high temperature (HPHT) in 2004 [1] stimulated significant interest in noble metal nitrides due to their scientific importance and potential appli cations. Two more noble metal nitrides, IrN 2 and OsN 2 , were synthesized shortly after the discovery of plati num nitride with the same HPHT technique [2] [3] . All experiments suggest that these compounds have bulk modulus comparable with those of transitional superhard materials [3] and their structures has stoichiometry XN 2 (X = Pt, Os, Ir) [2] . In 2007, it was reported that the palladium nitride had been synthesized under extreme conditions [4] and ruthenium nitride by reactive pulsed laser ablation [5] . Recently, several novel phases of rhenium nitrides (Re 3 N, Re 2 N, and ReN 2 ) have been synthesized and characterized by two different research groups [6] [7] . In the following we will restrict our attention on briefly introducing the experimental and theoretical works on platinum nitride solely, including its crystal structure, mechanical and electronic properties.
During the investigation of the firstly synthesized noble metal nitrides, intense works have been focused on its crystal structure initially. As the X ray diffraction pattern undoubtedly showed that the Pt atoms form a fcc sublattice and therefore authors of [1] suggested the new compound has zinc blende (space group ) structure with Pt : N as 1 : 1. Such opinion has been supported by two theoretical studies [8] [9] , however, con tradicting to that of another first principles calculation results, which find that this structure is not mechani cally stable [10] . Alternatively, the authors of [10] found that platinum nitride can be stabilized in the fluorite structure, in which the nitrogen atoms occupy all the tetrahedral interstitial sites of the metal lattice. Young et al. [11] proposed that the newly synthesized noble metal nitride has the pyrite structure, where single bonded N 2 units occupy the octahedral interstitial sites of Pt close packed lattice, resulting in strong and directional Pt-N bonds. Almost at the same time, experimental studies by Crowhurst et al. [2] confirmed that PtN does not exist and that the pyrite structure of PtN 2 is the correct crystal structure. An independent theoretical work by Wessel and Dronskowski [12] reached the same conclusion and emphasized that PtN 2 is incorrectly formu lated as "nitride" despite the fact that by definition nitride phase should contain isolated nitrogen and it must be called as platinum pernitride based on the presence of nitrogen dimmers. In 2008, a simple tetragonal struc ture (P4/mbm) was predicted to be more thermodynamically stable than the pyrite structure PtN 2 at low pres sures and indicated that it can be obtained from marcasite or pyrite structures through martensitic transfor mation [13] . Yildiz et al. [14] performed a systematic study of the ground state properties of the zinc blende,
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rock salt, tetragonal, cuprite, fluorite, and pyrite phases of platinum nitride. They found that fluorite and pyrite structures are dynamically stable, while the calculated vibration modes of pyrite PtN 2 do not show com plete agreement with experimental Raman frequencies. It needs to note that there are also several theoretical works focusing their attention on the marcasite phase of PtN 2 [15, 16] , although the commonly accepted opinion is that such phase is the ground state of other noble metal nitrides, like OsN 2 [17] [18] [19] .
The mechanical properties of platinum mononitride and pernitride have been thoroughly studied as well. In [1] it was determined that the newly synthesized platinum nitride has an extraordinarily high bulk modulus of 372 ± 5 GPa. Most calculated values of bulk modulus of potential platinum nitride crystal structures are smaller than the measured one. Meanwhile, the newly synthesized platinum nitride is unlike traditional tran sition metal nitrides as it is not superconducting down to 2K and its electronic structure is not very clear [1] . On the one hand, platinum nitride has diverse potential technical applications due to its unique mechanical and electronic properties; on the other hand, progresses in the study of platinum nitride would stimulate related works on other noble metal nitrides and transition metal nitrides, even carbides. Motivated by these issues, in the present work we report a new phase of PtN 2 obtained by ab initio evolutionary algorithm USPEX [20] [21] [22] .
2. COMPUTATIONAL PROCEDURE Variable cell evolutionary simulations at ambient pressure were performed with USPEX using no experi mental information. The systems treated are with 6 atoms, i.e., 2 Pt atoms and 4 N atoms. The first generation of structures was created randomly and the number of structures in the population was set to be 500. The best 60% of each generation were used to produce the next generation structures by heredity, soft mutation (20%), randomly from space groups specified (10%), and the rest are produced by lattice mutation. The best structure of previous generation was set to survive and compete in the following generation. Maximum of 25 generations was required in our global optimization.
In order to calculate the fitness function of each produced structure, USPEX uses VASP [23] as an external ab initio code, where the GGA [24] and the all electron PAW method [25] [26] were adopted. To compare the best structure candidates produced by USPEX and all available potential PtN 2 structures, structure optimiza tions were performed at a series pressures between 0 and 100 GPa by first principles methods as implanted in CASTEP code [27] . In these calculations, the LDA [28] was used to describe the exchange and correlation potentials and the plane-wave cut off energy is set to be 500 eV. For the Brillouin zone sampling, the Monkhorst Park scheme [29] with a grid of 0.03 Å -1 was adopted. For the self consistent field iterations, the convergence was assumed when (1) the total energy difference between the last two cycles is less than 5 × 10 -6 eV/atom; (2) the maximal force on each atom is below 0.01 eV/Å; and (3) the maximal atomic dis placement is below 5 × 10 -4 Å.
RESULTS AND DISCUSSIONS
Crystal Structural Features and Enthalpies
In the present work, we focused on the predicted new phase, Layer structure (space group Pmmm: No. 47, hereafter denoted as LS) and the previously proposed potential PtN 2 structures of fluorite [10] [30, 31] (space group P2 1 C: No.14), and a simple tetragonal structure [13] (space group P4/mbm: No. 127, denoted ST hereafter). In addition, some potential structures proposed for other noble metal nitrides, simple hexagonal (space group P6/mmm: No. 191, denoted SH hereafter), have also been considered for comparison. All these structures are illustrated in Figs. 1a-1g. In the fluorite structure, all the N atoms occupy the tetrahedral interstitials of Pt sublattice as shown in Fig. 1a . The fluorite structure is closely related to the pyrite structure with slightly modified fractional coordinates of N atoms [32] (see Table 1 ). It needs to note that both the fluorite and the pyrite structures are cubic structures. The marcasite structure is orthorhom bic, which is widely recognized as the ground state of OsN 2 [33, 34] . In the marcasite structure, the two metal atoms and four nitrogen atoms occupy the 2a and 4g Wyckoff sites, respectively. In addition, the marcasite structure can be considered as an orthorhombic distortion of the cubic pyrite structure. The CoSb 2 structure is monoclinic with all of the atoms occupying 4e positions, which is thought to be adopted by the synthesized IrN 2 [34, 35] . Except the fluorite structure, all other aforementioned three structures are composed of PtN 6 Pa3 octahedra as illustrated in Figs. 1b-1d. The SH structure contains peculiar double NN bonded N 2 units (the bond length is 1.179 Å), which was also uncovered for MN 2 (M = Os, Ir, Ru, and Rh) compounds [34] . The LS together with the ST structure proposed in [13] can be considered as layer structures, as their interlayer dis tance is 2.902 Å and 2.840 Å, respectively. It is necessary to emphasize that the ST structure has also been reproduced by the present setting of evolutionary simulations. Table 1 lists the calculated lattice parameters, unit cell volumes, densities, and formation enthalpies of PtN 2 with the above mentioned crystal structures. The calculated lattice parameters agree very well with avail able results, confirming the validity of the adopted simulation approaches. Comparing to pure Pt (ρ = 21.46 g/cm 3 ), the density of these studied structures reduced significantly owing to the presence of light ele ment N. Among these structures, the pyrite structure has the largest density, while the density of the two layer structures SH and newly uncovered layer structure is less than 50% of that for pure Pt. Concerning the enthal pies of the studied structures, the ST structure has the lowest enthalpy (ΔH = -0.9622 eV), which is consistent with [13] . The pyrite structure has the second lowest enthalpy (ΔH = -0.7335 eV) and marcasite, CoSb 2 , and LS have almost equal enthalpies (ΔH = -0.5921, -0.5918, and -0.5977 eV, respectively Figure 1b illustrates the formation enthalpies of these seven PtN 2 phases at pressure up to 50 GPa as well. Several interesting features can be inferred from Fig. 2 : (I) the ST phase and the pyrite structure have the lowest and second lowest enthalpies under atmospheric pres sure, respectively, marcasite, CoSb 2 , and the layer structured phases have almost equal enthalpies, while the SH and fluorite structures have higher enthalpies; (II) when the pressure increases, the stabilities of all these seven phases are gradually decreasing, i.e., their enthalpies are increasing with increasing pressure; (III) the marcasite structure and the CoSb 2 structure have almost equal enthalpies in the studied pressure range even up to 100 GPa; (IV) the enthalpies of the LS structure and ST structure have very similar trends under external pressure, possibly owing to that both of them possess layer feature; (V) although the ST structure has the lowest enthalpy under ambient pressure, it becomes less stable than the pyrite structure at about 10 GPa and the mar casite structure and the CoSb 2 structure at about 15 GPa; the pyrite structure seems to be the most stable one from about 10 GPa.
Mechanical Properties and Structural Stability
An exotic property of the newly synthesized platinum nitride is its high bulk modulus of 372 ± 5 GPa [1] . As we mentioned in the introduction, most theoretical values of bulk modulus of the proposed platinum nitride crystal structures are smaller than the measured one. For example, the bulk modulus of zinc blende (ZB) platinum mononitride was calculated to be 194 GPa [8] and 196.3 GPa [10] , first principles calculations with the fully relativistic full potential linearized augmented plane-wave (LAPW) method with and without considering the spin-orbital effect, respectively. In one of our previous works, several approaches have been applied to determine the bulk modulus and elastic constants, including the LAPW method, the plane wave ultrasoft pseudopotential (PW PP), and the projected augmented wave (PAW) methods. The main conclu sion is that the platinum nitride in ZB is unstable as the calculated elastic constants c 11 < ⏐c 12 ⏐ do not fulfill the criteria of mechanical stability. For the fluorite structure, the bulk modulus was calculated to be 316 GPa and 264 GPa, depending on the use of local density approximation (LDA) and the generalized gradient approximation (GGA) exchange correlation functional, respectively [10] . According to [11] , the bulk modu lus of PtN 2 having pyrite structure is 305 GPa within the density functional theory using a Perdew Burke Ern zerhoff (PBE) exchange correlation function. The bulk modulus of marcasite PtN 2 is calculated to be 362 GPa by its relation to elastic constants and 352 GPa by fitting to a third order Birch Murnaghan equation of state [10] , respectively. The Young's modulus (E), shear modulus (G) and Poisson's ratio (n) of ZB, fluorite, pyrite structure of platinum nitride have also been studied as done in [11] . The low value of Poisson's ratio and the high G/B ratio suggests a high degree of covalency, implying that intercalation of the dinitrogen units into the Pt lattice induces a substantial change of the electronic from metallic in bulk Pt to covalent PtN 2 . Gou et al. [36] have calculated the hardness values of both the cubic pyrite and orthorhombic FeS 2 structure PtN 2 based on Mulliken overlap population analysis in first principles technique, which are 16.0 and 6.4 GPa, respec tively. The hardness of the pyrite type PtN 2 is close to that of TiN (18 GPa), indicating that it has excellent mechanical properties and possesses potential technological and industrial applications. In Table 2 we listed the elastic properties and bulk modulus of the new discovered phase as well as all other available phases. From the present work the bulk modulus of PtN 2 fluorite structure is slightly smaller than those of pyrite and marcasite structures. However, all of them are at least 10% smaller than the experimental value of bulk modulus. Although there is one theoretical work [36] that reports a value of 361 GPa of bulk modulus for the pyrite PtN 2 , other theoretical works do not support it [11, 31, 37] . The bulk modulus of the later CoSb 2 structure is comparable to that of fluorite structure. Not very surprisingly, the bulk modulus of the recently discovered phases including the one found in the present work is much smaller than those of other phases and the experimental value.
Notes: a is the average values from FP LAPW within LDA and GGA [10] ; b is PW within PBE [11] ; c is PW within LDA [36] ; d is PW within GGA [15] ; e PW is within LDA [30] .
Now, let us turn our attention to the elastic constants of these phases of PtN 2 . From the calculated elastic constants one can not only obtain the bulk and shear moduli as done in the present work but can know the mechanical stability of the studied system. For a cubic structure, it needs to note that one can also get the bulk modulus and its pressure derivative by fitting the calculated p-V data by using the third Birch Murnaghan equation of state [10, 38] . For the LS phase, the bulk modulus obtained by this way is 109 GPa, which is in good agreement with that calculated by elastic constants. The key criterion for mechanical stability of a crystal is that the strain energy must be positive [39] , which means, for a cubic crystal, that the elastic constants should satisfy the following inequalities ,
for orthorhombic crystals ,
for a hexagonal crystal ,
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The calculated elastic constants of seven studied structures are listed in Table 2 . As we mentioned, fluorite and pyrite structures are cubic and their elastic constants satisfy expression (1) . The marcasite and the new uncovered structures are orthorhombic and their elastic constants should satisfy expression (2) . The SH struc ture is hexagonal, the ST structure is tetragonal and the CoSb 2 structure is monoclinic, therefore they are determined to be mechanically stable as their calculated elastic constants satisfy expressions (3), (4), and (5), respectively. Obviously, all these proposed PtN 2 structures are mechanically stable.
In order to clarify if these structures are dynamically stable, the phonon dispersion curves and phonon den sity of states have been calculated based on the finite displacement algorithms as coded in the CASTEP mod ule of the Materials Studio package, where the phonon frequencies can be obtained with the finite displace ment method without creating a supercell. In Fig. 3 , the phonon dispersion curves of all found phases are dem onstrated. The calculated results reveal that all these studied phases except the fluorite and the SH structures are dynamically stable. For the fluorite structure, it is very clear that there is a strong imaginary phonon fre quency along the M-G direction in the Brillouin zone, which is contrary to the conclusion of Yildiz et al. [14] . In their work, only the phonon dispersion of the pyrite structure was plotted, which is in agreement with the present work. However, the calculated phonon dispersion of the fluorite structure was not illustrated for com parison. Therefore, we have repeated the phonon dispersion calculations with the supercell displacements approach as implemented in the phonopy code [40] for the fluorite and LS structures, confirming that the flu orite structure is dynamically unstable and the LS structure is dynamically stable. 
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Electronic Properties
Many efforts have been devoted to characterize the electronic structures and bonding nature. As men tioned before, it was determined that the newly synthesized platinum nitride is unlike traditional transition metal nitrides VN and NbN as it is not superconducting down to 2K and one could not tell whether it is a poor metal or a narrow gap semiconductor. Theoretically, Wessel et al. [12] studied the N-N bonding and the metal oxidation state in PtN 2 . The N-N distances of N 2 unit in PtN 2 is 1.41 Å, matches very well with the F-F dis tance 1.42 Å. It needs to emphasize that the fluorine molecule is isoelectronic with N 2 4-. The bond length considerations and spectroscopic results in combination with molecular orbital arguments clearly support a single bonded (N-N) 4-unit in PtN 2 . It was found that the fluorite structure of PtN 2 has a pseudogap feature, which was used to explain its mechanical stability [10] . The electronic structure of the pyrite structure has also been studied by several groups, and an indirect band gap is found to be about 1.5 eV using GGA PBE exchange correlation function [11] or 1.66 eV in the framework of LDA [14] . Chen et al. have investigated the electronic structures of pyrite, marcasite and CoSb 2 and found that all of them are insulators [31] . Soto [41] has system atically studied the heavy metal pernitrides using LAPW methods. He proposed that the strong covalent N-N bond, the ionic character of Metal-N bonds and the metal-metal distances all contribute to the high bulk modulus of transition metal pernitrides. Very recently, the geometries, phase stabilities and electronic proper ties of bulk Pt 3 N, PtN, and PtN 2 have been investigated in a set of twenty different crystal structures [37] .
In the present work, we have systematically investigated the band structures of dynamically stable PtN 2 in pyrite, marcasite, CoSb 2 , ST and LS structures. The calculated band structures are given in Figs. 4a-4e and the values of band gap are listed in the last column of Table 1 . The band gap of pyrite structure is 1.397 eV, which is in good agreement with other works [11, 14] , implying the validity of the algorithms adopted here. The band gaps of marcasite and CoSb 2 structure are 0.645 and 0.647 eV, respectively, confirming their insula tor character [31] . Interestingly, the calculated band structures suggest that the newly discovered layer phase together with the ST phase are both metallic. In order to further study the bonding character of the new phase, its electron density difference (EDD) is calculated and shown in Fig. 5 . As is well known, the EDD can illus trate the charge redistribution due to chemical bonding. It is clearly seen that the EDD between Pt and N atoms is biased toward the N atoms, indicating a partially covalent bonding, which is a very common feature among noble metal nitrides. However, the localization of EDD between the N-N pairs seems quite different from that of pyrite structure of PtN 2 as shown by the EDD in Fig. 4 of Ref. [11] . Such strong electron transfer between the single bonded N 2 units may explain the conductance of the new structure of PtN 2 , while other structures like pyrite and marcasite that also contain N 2 units were reported to be insulating.
CONCLUSIONS
In summary, a novel layer structure of PtN 2 with space group Pmmm has been discovered by evolutionary methodology for crystal structure prediction. The new phase is found to be mechanically and dynamically sta ble, and has a low formation enthalpy. Band structure calculations show that it is metallic and may be explained by the special localized electron density between the single bonded N 2 units as shown by the calcu lated electron density difference. The calculated elastic constants and Debye temperature imply that the new phase is neither very hard nor very soft. It has also been found that the fluorite structure is dynamically unstable and the ST phase is also metallic. The pyrite and the CoSb 2 structures of PtN 2 could be very hard because they have considerably larger bulk modulus than those of other studied phases. The present work may stimulate fur ther experimental or theoretical works on investigating the synthesis and properties of noble metal com pounds.
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